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Abstract 


The durability and degradation behavior of the Nafion NR111 proton exchange membranes (PEMs) is investigated in detail under various 
mechanical, chemical and polarization conditions. It was found that the fatigue strength or the safety limit of the cyclic stress for Nafion NR111 
membrane is ~1.5 MPa that is 1/10 of the tensile strength of the membrane. The cyclic stress and dimensional change (or strain) induced by the 
water uptake can be substantial and are the main causes for the mechanical degradation and failure of the membrane. For example, in the case of 
RH cycling of water soaked state to 25% RH state, the cyclic stress of the Nafion membrane was as high as 2.23 MPa and the dimensional change 
was ~11%. Both FTIR and NMR analysis indicate that the decomposition of the Nafion polymer in the H202 solution in the presence of trace 
Fe, Cr and Ni ions started from the ends of the main chain, resulting in the loss of the repeat units and the formation of voids and pinholes in the 
membrane. The high degradation rate of the membrane at the open circuit voltage most likely results from the attack of H20, formed between O% 


and H; crossovered through the membrane. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Fuel cells utilizing perfluorosulfonate acid proton exchange 
membranes (PFSA PEMs) have received much attention because 
they provide high power density at relatively low operating tem- 
peratures. These fuel cells are promising candidates for portable 
and stationary power sources and for electric vehicle applica- 
tions. DuPont’s Nafion membranes are the state-of-the-art PEMs 
because of their high proton conductivity and excellent chemical 
stability. However, enhancement of the stability and durability 
of the proton exchange membranes are critical to the lifetime and 
commercial viability of the polymer electrolyte membrane fuel 
cells (PEMFCs) [1,2]. In order to meet requirements for com- 
mercial applications, PEM fuel cells are required to demonstrate 
durability of about 6000h under normal operating conditions 
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(e.g. automotive conditions) [3,4]. The stability and integrity of 
the proton exchange membranes (PEMs) is one of the most cru- 
cial factors affect the lifetime of the fuel cells since the PEMs 
function both as electrolyte and as a separator of the reactant 
gases. 

Durability issue of the proton exchange membrane has 
attracted extensive attention in recent years [5]. It has been found 
that the degradation of the fuel cell performance is primarily 
due to the decay of the membrane-electrode-assembly (MEA) 
[6-8]. The early failure of the PEMs (<1000h) is usually con- 
tributed to the structural failure of the membranes resulting from 
the cracking, tearing, puncture, mechanical stresses, inadequate 
humidification and reactant pressure. The decomposition of the 
polymer proton exchange membrane associated with the loss of 
fluoride ion and the decrease of conductivity is also a problem 
facing the long-term stability of the fuel cell [9,10]. It was shown 
that the formation of H2O2 in the cathodic reaction region can 
cause the chemical degradation of the membrane [11,12]. The 
presence of the H2072 had been detected in situ during the fuel 
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cell operating conditions [13]. Pozio and co-workers suggested 
that the metal ions released from the bipolar plates would accel- 
erate the decay of the proton exchange membrane [14]. The 
degradation of PEMs may also depend on the operation volt- 
ages. It was reported that the degradation rate could be as high 
as 5.8mVh7! for the cell operating at open circuit [15]. 

The long-term operation data obtained from a fuel cell under 
real operating conditions is very useful for the performance eval- 
uation of a fuel cell in terms of the durability. However, testing 
of fuel cells for lengthy periods of time is time-consuming and 
also costly. Thus, ex situ tests were commonly used to study the 
degradation behaviors [16-18]. For example, using nuclear mag- 
netic resonance (NMR) spectroscopy and mass spectroscopy, 
common degradation products of Nafion were shown to be pro- 
duced by in situ (fuel cell operation) and ex situ (Fenton test) 
testing of membrane [19]. However, the degradation mecha- 
nism of the proton exchange membrane is still not clear and 
not completely understood. In this paper, we investigate vari- 
ous mechanical, chemical and polarization factors affecting the 
durability and stability of the Nafion polymer electrolyte mem- 
brane in detail. The relationship between the membrane breach 
and the mechanical and chemical effects is discussed. 


2. Experimental 
2.1. Characterization of the proton exchange membrane 


Nafion® NRE 111 membranes, fabricated with chemically 
stabilized perfluorosulfonic acid/PTFE copolymer, were pur- 
chased from DuPont (USA) without further treatment. 

Mechanical strength of the Nafion membranes was measured 
with an electromechanical universal testing machine (WDW-1C) 
according to a Chinese Standard QB-13022-91. The samples 
were measured at a strain rate of 50mm min™!. 

The morphologies of the proton exchange membranes 
were observed by scanning electron microscopy (SEM, JEOL 
JSM-5610LV, Japan). Cross-section specimens of the proton 
exchange membranes were prepared by breaking the membrane 
under liquid nitrogen (77 K). The samples were Au-sputtered 
under vacuum before the SEM examination. 

FTIR spectra of the proton exchange membranes and the 
solution were recorded on a Nicolet Avatar-370 FTIR spectrom- 
eter equipped with a DTGS detector (Nicolet Instrument Corp., 
USA) with a wavenumber resolution of 4cm7! in the range 
of 400-4000 cm—!. The membrane samples were sandwiched 
between two KBr plates and placed in the cell for measurement. 
All the samples had standard size of 3.5cm x 1.5cm, which 
covers the whole window to prevent the interference. Liquid 
samples were mixed with KBr powders and pressed to sheets. 
The spectra were obtained against the air background spectrum. 

LC liquid NMR spectra were obtained at 376 MHz on an 
Infinity plus 400 spectrometer. All NMR spectra were obtained 
with proton decoupling. Liquid samples were mixed with 
50 v/v% D20 to keep the solvent (to prevent drift of the magnetic 
field). Spectra were externally referenced to a water solution of 
sodium trifluoroacetic acid (singlet assigned to —76.55 ppm). 
For diluted samples, a Hahn Echo pulse sequence was used to 


suppress background signals from the probe. Conventional sin- 
gle pulse experiments were used for concentrated samples. The 
solid C NMR experiments were performed at 100 MHz on a 
Bruker DSX-400 spectrometer. The spectra were acquired on 
the sample packed in a 2.5 mm rotor with Vespel end-caps, in a 
2.5mm X-H/F double-resonance magic-angle spinning (MAS) 
probehead at spinning frequencies, vr, of 28 or 30 kHz. 

The stresses and strain due to the shrinkage caused by the 
humidification (RH) or temperature change were measured by 
the Electromechanically universal testing machine with an envi- 
ronmental chamber. The chamber was fitted on the horizontal 
rail of the machine load frame and had independent T/RH con- 
trol. The RH control was achieved by slowly circulating a water 
vapor saturated gas stream at a controlled dew point. In the case 
of a absolute dry condition (~0 RH%), the gas stream was dehy- 
drated with anhydrous CaCl before entering the clamber. The 
temperature was controlled by placing electric heating wires 
inside the chamber and monitored by placing a platinum thermo- 
electric couple close to the sample. During the test, the samples 
were cut to spindle shape and two ends of the sample were 
clamped by the claws of the electromechanical universal testing 
machine. 


2.2. Electrochemical characterization of the proton 
exchange membranes 


The electrochemical characteristics of the proton exchange 
membranes were measured in a single PEM fuel cell. The 
fuel cell was fabricated as follows. First, 5g Pt/C catalysts 
(40 wt.% Pt/C, Johnson Mathey) were mixed with 50 mL deion- 
ized water under vigorous stirring. The 5 wt.% Nafion solution 
was then added into the mixture and treated by ultrason- 
ics stirring for 30min and further dispersed in a high-speed 
homogenizer (20,000rpm) for 1h to form a catalyst slurry. 
The catalyst slurry was sprayed to a PTFE-treated graphitized 
carbon paper (180 um, Toray TGP-H-060) to form catalyst 
electrodes as anode and cathode. Pt catalyst loadings of both 
electrodes were 0.2 mg Ptcm7* and the dry loadings of Nafion 
were 0.4 mg cm™?. Anode and cathode with an active area of 
25cm? were hot-pressed with the Nafion 111 (28.4 wm thick) 
membrane to form a membrane-electrode-assembly (MEA). The 
MEA was mounted in a single cell test fixture with serpentine 
flow field and a fuel cell clamp (with an active area of 25 cm”). 

The proton conductivity of the membrane was measured by 
using an impedance analyzer (Autolab PG30/FRA, Eco Chemie, 
The Netherlands) under the condition of 100% RH and 60°C. 
The membrane (2.2 cm x 2.2cm) was sandwiched between two 
Pt sheets (2 cm x 2 cm) under pressure. One Pt sheet was used as 
the working electrode and the other as the reference and counter 
electrodes. EIS was measured in the frequency range of 10 Hz 
to 100 kHz under the signal amplitude of 10 mV. 

The gas permeability or crossover through the Nafion NR111 
membranes was assessed by measuring the limiting oxidation 
current densities of the crossovered H2 at 80°C by using the 
Autolab PG30/FRA. H2 gas (300 sccm) was fed to the anode 
side of the cell while N2 was fed to the cathode. By applying a 
dynamic potential from 0 to 0.6 V versus the anode (i.e., DHE) at 
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0.5 mV s7!, the limiting H? oxidation current density was mea- 
sured. The anode side, where hydrogen evolution takes place, 
served as the counter electrode and the DHE reference electrode. 


2.3. Mechanical and chemical tests of the Nafion 
membranes 


A cyclic stress experiment was introduced to investigate the 
endurance of the proton exchange membrane. The experiments 
were performed by cutting the Nafion membrane to spindle 
shape and the two ends of the sample were clamped with the 
claws of the electromechanical universal testing machine. Then 
the samples were tested with different stresses cycling every 
60s. 

An important accelerating factor for the breach of membrane 
is the mechanical stress induced by RH cycling and temperature 
cycling. The RH cycling and temperature cycling experiments 
were performed by mounting the membrane in a single cell. In 
the RH cycling experiment, the temperature inside of the single 
cell was kept at 90°C. Dry air was fed to the cell for 8 min, 
followed by humidified air at certain RH level for another 2 min. 
The RH cycling was achieved by alternatively purging with dry 
and humidified air gas at a temperature of 90°C. The limiting 
oxidation current densities of H2 diffused through the PEMs 
were measured every 300 cycles. The catalyst layers in the single 
cell were replaced every 900 cycles to eliminate the influence of 
the catalyst layer degradation. 

The effect of Hz and O2 on the durability of the Nafion NR111 
membrane was performed by putting the membrane into bottles 
under conditions of dry, atmospheric humidity, saturated humid- 
ity and 1 mol L! H2SO4. These bottles were fed with 100 sccm 
H2 and 100 sccm Op respectively. The samples were analyzed 
after certain period of test. 

The effect of metallic impurities in the H2O2 solution on 
chemical stability of the Nafion membrane was tested in a 
30 wt.% H202 solution containing 12.3 ppm Fe, 6.1 ppm Cr, 
and 5.4 ppm Ni. The metal ions solution was obtained by treat- 
ing SS316L stainless steel in 0.5 mol LT! nitric acid. SS316L 
is commonly used as the bipolar plates in PEM fuel cells. The 
membrane was immersed in the solution and the temperature 
was kept at 80-90 °C in an oil bath. The solution was analyzed 
and replaced by fresh solution every 30 min. 

The effect of polarization potential at open circuit on the dura- 
bility of Nafion membrane was also performed in single fuel cells 
using an Autolab PG30/FRA potentiostat. The open circuit volt- 
age of the cell was measured by feeding H» at 300 sccm to the 
anode and air at 2000 sccm to the cathode. To compare the OCV 
degradation with pure electrochemical polarization degradation, 
a voltage of 0.96 V (a value equal to the OCV) was applied to 
the single cell. In this experiment, the anode (H2 side) was used 
as work electrode (WE), the cathode (O2 side) was used as ref- 
erence electrode (RE) and counter electrode (CE). With N2/02 
and H2/N2 as anode/cathode gases supply, respectively, the volt- 
age of 0.96 V was applied to the WE (anode) to simulate the 
polarization of the fuel cell at OCV. In every 500 min, the polar- 
ization was interrupted and the OCV of the cell was measured 
by switching the anode/cathode gases to H2/Op. 


3. Results and discussion 
3.1. Mechanical stability of the Nafion NR111 membrane 


In order to investigate the fatigue strength of the Nafion mem- 
brane, a cyclic stress experiment was conducted and the results 
are shown in Fig. 1. It is obvious that the PEM was very stable 
and almost had no dimensional change under the cyclic stress 
equal to or less than 1.5 MPa. However, the dimension of the 
membrane changed significantly and the microstructure break- 
down appeared on the surface when the cyclic stress was over 
3.0 MPa. After 1000 cycles at a cyclic stress of 4.0 MPa, the 
membrane was elongated and the membrane became thinner. 
With the cyclic stress further increased to 6.5 MPa, many cracks 
appeared on the surface of the Nafion membrane, indicating the 
rupture of the membrane microstructures. Considering that the 
tensile strength of Nafion 111 membrane is about 23-28 MPa 
[20], the results of the cyclic stress tests clearly indicate that the 
PEMs could be destroyed under much lower stress under con- 
ditions of fatigue stress than that of static tensile stress. For the 
fatigue stress condition, the Nafion PEM could only survive the 
cyclic stress lower than or equal to 1.5 MPa. This implies that 
the fatigue strength of the Nafion NR111 membrane is about 
1/10 of the tensile strength of the membrane. 

It is well known that the cyclic stress in the fuel cell can 
be generated from the gas and water, which passes through the 
gas diffusion layers and may give an impulsion force vertically 
to the membrane. However, the impulsion pressure generated 
from gas and water fluid would be no more than 1 MPa based on 
the air compressor supplied fuel cell stacks [21,22]. Hence, the 
impulsion stress generated by the gas and water fluid to the cell 
may not be high enough to cause serious damage to the PEMs. 

The stress in the membrane of a fuel cell can also be resulted 
from the shrinkage and consequently the dimensional change 
of the membrane, especially the dimensional change in-plane 
direction since the four sides of the membrane are fixed in the 
fuel cell. In addition to the excessive stress formed during the 
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Fig. 1. Elongation of Nafion 111 membrane in the stress direction as a function of 
various fatigue stress cycles. The inset pictures are the surface SEM micrographs 
of (a) as-received Nafion 211 membrane, (b) the Nafion 211 membrane after 540 
cycles under stress switched between 0 and 6.5 MPa. 
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cell assembly, the dimensional change may also be induced by 
the change of the cell temperature and water uptake of the mem- 
brane during the fuel cell operation. Fig. 2 shows the stress and 
dimensional change caused by the shrinkage under various RH 
cycling at 25°C. In the case of RH cycling from water soaked 
state to 25% RH at 25°C, the samples with a spindle shape 
soaked in water were clamped by the claws of test machine at 
temperature of 25 °C. The humidity in the chamber was slowly 
reduced from the initial water soaked state to 25% RH. The 
shrinkage stress induced by the RH cycling from water soaked 
state to 25% RH at 25°C was quite high, reaching a maximum 
value of 2.23 MPa and stable at 2.1 MPa at the end of the test. 
This stress is higher than that of the safety limit of the fatigue 
stress of 1.5 MPa for Nafion NR111 membrane as shown in 
Fig. 1. However, the shrinkage stress of the PEM decreased sig- 
nificantly with the decrease of the initial RH level (Fig. 2a). The 
shrinkage stress of the membrane with initial RH state of 100% 
RH and 60% RH was 1.32 and 0.48 MPa, respectively. 

The dimensional change induced by the RH cycling can be 
quite large. For example, for the RH cycling from the water 
soaked state to 25% RH state, the dimensional change (or strain) 
is ~11% (Fig. 2b). Nevertheless, similar to the shrinkage stress, 
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Fig. 2. (a) Shrinkage stress of Nafion membrane at 25°C under different ini- 
tial humidities. (b) The shrinkage stress and dimensional change of the Nafion 
membrane as a function of humidity. 


the dimensional change decreases with the decrease in the initial 
RH level. It is obvious that the shrinkage stress increases with 
the increase of the initial RH level, which is consistent with the 
trend of the membrane dimensional change induced by swelling. 
This indicates that the shrinkage stress of the membrane due to 
the RH cycling is induced by the dimensional change associated 
with the swelling of the membrane. 

An additional experiment on the shrinkage stress was per- 
formed by changing the temperature between 80 and 25 °C under 
absolute dry condition (~0% RH). The value of the shrinkage 
stress was about 0.14 MPa (see Fig. 2a), which is much smaller 
than that of the stress under RH cycling tests. This result revealed 
that the stress induced by temperature cycling is very low and 
would be not responsible for the mechanical breach. However, 
in the fuel cell operating condition, the gas is generally humid- 
ified and the water produced also humidifies the membrane of 
the cell. Therefore, it is necessary to investigate the effect of 
temperature cycling on the stress behavior of the membrane 
under the humidified condition. In this test, inlet gas was humid- 
ified at 80°C. As shown in Fig. 2a, a large shrinkage stress of 
~1.76 MPa was generated under the same temperature cycling 
conditions. This result showed that the membrane degradation 
was increased significantly when the membrane was subject to 
temperature cycling and humidity conditions simultaneously. 

Fig. 3 shows the limiting oxidation current densities of the 
crossovered H2 of the membranes under various RH cycling 
conditions. At the early stage of the RH cycling experiments, 
the H3 crossover current density was in the range 1-2 mA cm~? 
and the change in the H2 crossover current density is negligible. 
When the membrane was cycled between the water soaked state 
and 25% RH state every 10 min, the significant increase in the H2 
crossover current density started after 3000 cycles. After 4000 
cycles, the increase in the H? crossover is exponential, indicating 
the mechanical breach and failure of the membrane. However, 
the H2 crossover was almost constant and the value was less than 
2 mA cm~? for over 7000 cycles if the initial RH level of the gas 
was 100% RH or lower at 25 °C. This result is consistent with the 
cyclic stress and the shrinkage stress experiments as the mem- 
brane is stable if the fatigue stress is less than 1.5 MPa. As shown 
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Fig. 3. H2 crossover current densities of Nafion membranes as a function of the 
dry/wet cycles. 
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in Fig. 2, the shrinkage stress of the membrane induced by the RH 
cycling from the water soaked state to 25% RH and from 100% 
RH to 25% RH at 25°C were 2.23 and 1.32 MPa, respectively. 


3.2. Chemical stability and decomposition of the proton 
exchange membrane 


Membrane electrode assembly with proton exchange mem- 
brane and catalyst layer is the electrochemical reaction region 
of the fuel cell. Except H20, H2 or O7, the intermediate product 
of H2072 is found during the operation in a fuel cell. Due to the 
acidic and humidity environment in fuel cells, some metal ions 
form stainless steel may be released. Hence the presence of H2, 
O2, H2072 and metal ions should be taken into account for the 
decay of proton exchange membrane [23]. 

In order to investigate the potential influence of H2 or O2 on 
the membrane chemical stability, an experiment on the proton 
exchange membrane exposed in pure Hy or O2 atmosphere was 
introduced in this research. The conditions that would exist in the 
fuel cell, such as absolute dry, atmospheric humidity, saturated- 
humidity, acid were considered. The reflective FTIR spectra of 
the Nafion 111 membrane are shown in Fig. 4. As reported 
elsewhere [24], the spectrum of Nafion membrane exposed for 
various periods of time shows main peaks at ~1200, ~1100, 
~1060 and ~980cm7!, which were identified as CF> asym- 
metric stretching, CF2 symmetric stretching, S-O symmetric 
stretching and symmetric C—O-C stretching, respectively. With 
a long-term exposure to H2 or O2 for 1000h, the main peaks of 
the spectrum were hardly changed, indicating the chemical sta- 
bility of Nafion membrane in the Hz and O2 environment. The 
proton conductivity and tensile strength of the Nafion membrane 
also did not change significantly. The chemical and physical 
properties of the Nafion membranes are summarized in Table 1. 

The O% reduction reaction can occur via a 4-electron or 2- 
electron pathway. In the case of acidic electrolyte, the 2-electron 
reaction pathway generally occurs with the production of H202 
intermediate species [25]. In the presence of transition metal 
ions, H2072 will subsequently convert to °OH radical [26]. In 
order to investigate the effect of H2O2/metal ion solution on the 
stability of the Nafion membrane, an accelerating experiment 
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Fig. 4. The reflective FTIR spectra of the Nafion membrane in (a) 100 sccm 
of H2 and (b) 100 sccm of O% at the condition of dry, atmospheric humidity, 
saturated humidity and 1 mol L~! H2S04. 


Chemical and physical properties of Nafion membranes exposed in H2 or O2 for 1000h 


Thickness (wm) EW value Conductivity (S cm7!) Tensile strength (MPa) 
Original Nafion111 25.4 + 0.1 1058 + 50 0.11 0.01 22.3 + 0.5 
1000 h H2 
Absolute dry 25.1 + 0.1 1034 + 50 0.10 + 0.01 23.6 + 0.5 
Atmosphere humidity 24.8 + 0.1 1046 + 50 0.11 + 0.01 22.1 + 0.5 
100% RH 25.2 0:1 1065 + 50 0.11 + 0.01 21.5 +0.5 
Acidic condition 24.3 + 0.1 1073 + 50 0.12 + 0.01 20.9 + 0.5 
With Fe*+ 22.4 + 0.1 1037 + 50 0.10 + 0.01 21.6 + 0.5 
1000 h O2 
Absolute dry 25.2 Æ 0.1 1084 + 50 0.10 0.01 23.3 + 0.5 
Atmosphere humidity 24.3 + 0.1 1058 + 50 0.11 0.01 22.5 + 0.5 
100% RH 24.2 + 0.1 1063 + 50 0.11 + 0.01 21.6 + 0.5 
Acidic condition 23.9 + 0.1 1042 + 50 0.10 + 0.01 21.7 +05 
With Fe*+ 23.4 + 0.1 1067 + 50 0.10 + 0.01 20.8 + 0.5 
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was performed by treating the membrane in a solution containing 
30 wt.% H202 and metal ions of 12.3 ppm Fe, 6.1 ppm Cr, and 
5.4 ppm Ni. The solutions collected at 48, 72 and 96 h were ana- 
lyzed. Fig. 5a shows the FTIR spectra of the polymer fragments 
collected from the solution. The stretching peaks that appear at 
~1700 and 930cm7! can be attributed to C=O stretching and 
S=O stretching bands, which are possibly due to the existence 
of -SO3~ and -COOH groups in the decomposed fragments. 
The C-F symmetric stretching peaks at 1200 and 510cm7! 
clearly revealed the existence of C—F bands and the F~ ions 
released from the Nafion polymer. By using the Atom Adsorp- 
tion Spectrum, the F~ releasing rate, which is corresponding 
to the decomposition of the Nafion membrane, was measured 
and is illustrated as the inset of Fig. 5a. The F` releasing rate 
(FER) was about 0.15 mgh7!, corresponding to 0.036 wt.% of 
F was released from the membrane per hour (the sample was 
10cm x 10cm, 28.4 um thick and 2.94gcm7? in density. F 
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Fig. 5. (a) FTIR spectra and (b) C NMR spectrum of the H2O/metal ions 


after the Nafion polymer was immersed in the solution for various period of 


time. The inset of (a) is the decomposed F content and the inset of (b) is the 
chemical structure of Nafion polymer. 


content in the membrane was about 51 wt.%). The chemical 
structure of the decomposed fragments was further identified by 
using the 96 h treated solution for C NMR analysis. As shown 
in Fig. 5b, there were four types of C in the solution, which was 
C=O at 168.0, CF at 68.5, CF at 63.0 and CF3 at 61.5. Com- 
pared to the Nafion structure (the inset in Fig. 5b), only the side 
chain of the Nafion polymer have these bands. Therefore, it is 
reasonable to conclude that the decomposed fragments are the 
side chains of the Nafion polymer. The existence of the C-O—C 
bands and S=O bands further provides the evidence (Fig. 5a). 
Relatively speaking, the C-C bands are very stable and the exis- 
tence of the F can strongly protect the bands due to the small 
ion diameter and low electronegativity. As the Nafion polymer is 
produced by the copolymerization of tetrafluoroethylene (TFE) 
and perfluorovinyl ether monomers and several volatiles would 
exist in the resulting polymers including unstable end groups 
such as -COF, COOH [27,28]. This process possibly introduces 
many of C=O bands into the polymer ends, which are not stable 
in the °OH-containing solution. 
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Fig. 6. (a) Reflective FTIR spectra and (b) solid C NMR spectrum of the 
Nafion membranes after treating in H202/metal ions for various period of time. 
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The structure change of the Nafion membranes during the 
H202/metal ions treatment was also investigated. Fig. 6a shows 
the reflective FTIR spectra of the Nafion membrane as a func- 
tion of the soaking time in the solution. There is a synchronous 
decrease in the relative intensities of all the CF. asymmetric 
stretching, CF2 symmetric stretching, S-O symmetric stretch- 
ing and symmetric C—O-C stretching with the increase of the 
soaking time. However, the changes of the relative intensities of 
all groups were not observed in the NMR spectra (Fig. 6b). Con- 
sidering that the FTIR is an area reflection, while the NMR is a 
statistical analysis of the polymer contact powder, the contrast 
of the reflectance-FTIR and the NMR reveal that the degrada- 
tion of the PEMs comes from the decomposition of the repeating 
units in the main chain of the polymer. 

The surface SEM morphologic examination showed that the 
chemical degradation introduced many small bubbles on the sur- 
face (Fig. 7a) and pores in the cross-section area (Fig. 7b) of the 
Nafion membrane. The small bubbles gradually became pin- 
holes during the chemical decay process. Considering that the 
membrane was stress-free during the test, the appearance of the 
bubbles was most likely resulted from the decomposition of the 
polymer repeating units. With the increase in the decomposition 
of the repeating units the little voids appeared in the membrane 
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Fig. 7. (a) Surface and (b) cross-section SEM micrographs of the Nafion mem- 
branes treating in H202/metal ions containing solution for 48 h. 


due to the loss of the repeating units. The little voids and the 
resulted pinholes will result in the substantial increase in the gas 
crossover. 


3.3. Effect of polarization on the degradation of the Nafion 
membranes 


Fig. 8 is the open circuit potential of the cell measured 
under various polarization conditions at 25°C. In the case of 
H2/02 as anode and cathode gases, the open circuit voltage, 
Voc, decreased significantly from initial 0.96 to ~0.64 V after 
3000 min at open circuit condition. The Voc decreasing rate was 
about 0.11 mV min™!. In order to identify the origin of the degra- 
dation, a polarization potential was applied to a PEM fuel cell 
under different anode and cathode gases. During the test, a volt- 
age of 0.96 V was applied to the anode (H2) to simulate the 
polarization of the fuel cell at OCV. The polarization stopped 
every 500 min and the H2/N2 was supplied to the fuel cell to mea- 
sure the change of the OCV and the H? crossover. As shown in 
the Fig. 8, the OCV was constant under N2/O2 and H2/N2 anode 
and cathode gases, suggesting that the membrane-electrode- 
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Fig. 8. (a) The cell open circuit voltage and (b) H? crossover of a fuel cell 
polarized at various conditions. 
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assembly materials, including the proton exchange membrane, 
are very stable if only voltage polarization is applied. The results 
in this study also suggests that the degradation at the open cir- 
cuit is not due to polarization potential or the presence of the 
H2 or O2, but most likely due to the presence of Hz and Op at 
the anode and cathode simultaneously, leading to the formation 
of H2O2 intermediate species as the result of the H? crossover 
from the anode. The two pathways of oxygen reduction have 
been quantitatively studied using rotating-ring disk electrodes 
(RRDE) [29]. The yield of H202 increases with the decrease 
in disk potential to the maximum in the potential range of H2 
adsorption, i.e., near the anode potential in an operating fuel 
cell. In a fuel cell at the presence of H2/O2, the Hz can perme- 
ate to cathode through Nafion membrane (indicated by the H? 
crossover current of 1-2 mA cm’), At the open circuit voltage 
condition, the reduction of O2 with the permeated H2 is pre- 
ceded via the pathway of forming H2072, causing the chemical 
degradation membrane, indicated by the significant increase of 
the H3 crossover current (Fig. 8b). 


4. Conclusions 


The degradation behavior of Nafion NR111 membrane was 
studied under various mechanical, chemical and polarization 
conditions. The safety limit of the cyclic or fatigue strength of 
the Nafion NR111 membrane was 1.5 MPa that is 1/10 of the ten- 
sile strength of the membrane. The cyclic stress and dimensional 
change (or strain) induced by the RH cycling can be substantial. 
For example, in the case of RH cycling of water soaked state to 
25% RH state, the cyclic stress of the Nafion membrane was as 
high as 2.23 MPa and the dimensional change was ~ 11%. Such 
cyclic stress induced by the RH cycling can lead to the rapid 
mechanical breach and failure, indicated by the substantial gas 
crossover after 3000 cycles in the case of water soaked state/25% 
RH cycling test. It is concluded that the shrinkage stress gener- 
ated by the water-uptake is responsible for the mechanical decay 
of the Nafion PEMs. 

The Nafion membranes were stable in the separated H2 and 
O atmosphere at various conditions of dry, atmospheric humid- 
ity, saturated humidity and acidic solution. The decomposed 
fragments were found in the H207 solution in the presence of 
Fe, Cr and Ni ions. Both FTIR and NMR analysis indicate that 
the decomposition of the Nafion polymer started from the ends 
of the main chain, resulting in the loss of the repeat units. The 
voids and pinholes appeared in the proton exchange membrane 
with the increase in the repeat unit loss and caused the mem- 
brane hazard of gas crossover. The high degradation rate of the 
membrane at the open circuit voltage most likely results from the 
attack of H2O2 formed at the potential close to the H2 adsorption 
potential. 
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